SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor was synthesized by chemical solution route to use as a dopant in TiO 2 layer employed as a photoelectrode for down conversion of ultraviolet and near-ultraviolet to visible and near-infrared light in a dye-sensitized solar cell. Nano-crystalline structure of the SrAl 2 O 4 :Eu 2+ , Dy 3+ powder was confirmed by X-ray diffraction analysis and field emission scanning electron microscopy. Monitored at 520 nm, SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor showed emission peaks at 460 to 610 nm due to 4f 6 → 4f 7 transitions of Eu 2+ ions. For the study, SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor-doped TiO 2 layer was deposited on fluorine-doped tin oxide coated glass by electrostatic spray deposition. The short circuit current, open circuit voltage, fill factor, and conversion efficiency of the cells were measured. Experimental results revealed that the device efficiency for the SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor-doped TiO 2 layer increased to 7.20 %, whereas that of the pure-TiO 2 photoelectrode was 4.13 %.
Introduction
Many works have been published on the dyesensitized solar cells (DSSCs) since the first prototype reported by O'Regan et al. [1] . DSSCs are prepared from low-cost materials and they can be significantly less expensive than conventional solidstate solar cells. Although conversion efficiency of the DSSCs (>13 %) is less than that of the best thin-film cells, its price/performance ratio is high enough to allow them to compete with traditional energy sources based on electrical generation [2] . Generally, the sensitizer of the DSSC contains mainly N3 and N719 dyes, and the DSSC consists of a porous nano-crystalline titania film sensitized by a dye for absorbing incident light [3] . The sensitizers mainly include heteroleptic ruthenium (Ru) complexes that have fairly wide absorption spectra (∆λ ≈ 350 nm) but low molar extinction coefficients (5,000 to 20,000 M −1 ·cm −1 ) [4] . * E-mail: khwang@nambu.ac.kr
In an ideal case, the sensitizers should absorb across a broad range of the solar spectrum to yield the greatest number of photons. However, the efficiencies of the DSSCs are lower than those of silicon solar cells. An efficient method for increasing the efficiency is widening the absorption range of the DSSC. A lot of metal compounds dyes have been produced. However, even the best of them (N719, N749, and YD2-o-C8) only absorb visible light in the wavelength range of 400 to 800 nm, and most of the solar ultraviolet and infrared light is not absorbed [3, 4] . A method to increase light harvesting and the efficiency of the solar cells can be the usage of an inorganic-organic composite material having a perovskite structure (e.g. CH 3 NH 3 PbI 3 ) [5] and down-converting phosphor [6, 7] . Such down converter has the ability to convert higher energy photons, below 450 nm, into low energy photons, above 500 nm.
In this study, 1 mol % Eu and 2 mol % Dy-doped strontium aluminate (SrAl 2 O 4 :Eu 2+ , Dy 3+ ) phosphors were prepared by using metal carboxylate solution. SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphors have a wide ultrafiolet (UV) light absorption band and produce blue to green wavelength, which matches the absorption band of the most typically used dyes N719 [7] . SrAl 2 O 4 :Eu 2+ , Dy 3+ as a luminescence source was introduced into the DSSC to increase its efficiency.
Experimental
The crystalline nano-sized SrAl 2 2+ , Dy 3+ phosphor were ball milled for 24 h, adding 0.5 wt.% of ethyl cellulose in 100 mL ethanol. The sol was diluted with ethanol to adjust viscosity.
The precursor was coated on a fluorine doped tin oxide coated glass (FTO) using an electrostatic spray deposition (ESD). The ESD has been commonly used to synthesize homogeneous oxide coatings. The working principles of the ESD have been described by Kim et al. [8] . Briefly, to obtain a stable cone-jet mode of electrostatic atomization, high voltage (20 kV) was applied between the needle tip and the electrode by using high DC power supply. FTO substrates on the ground electrode were heated at 80 • C for 60 min to vaporize the organic compound. The flow rate of precursor solution containing SrAl 2 O 4 :Eu 2+ , Dy 3+ -doped TiO 2 was kept at 0.3 mL/60 min. The as-deposited film was heattreated at 550 • C for 30 min in air. The annealed film was immersed in ethanol solution containing 0.0005 M N719 dye at 40 • C for 360 min. The counter electrode was prepared by dip-coating a FTO glass with H 2 PtCl 6 solution (2 mg Pt/1 mL ethanol), followed by heating at 400 • C for 30 min.
The crystallinity and morphology of the samples were examined by X-ray diffraction (XRD, D-Max 1200, Rigaku, Japan) θ to 2θ scan using a CuKα (λ = 1.54056Å) radiation and field emission scanning electron microscope (FE-SEM, S-4700, Hitachi, Japan). Photoluminescence (PL) spectra at room temperature were obtained using a fluorescent spectrophotometer (F4500, Hitachi, Japan) equipped with a Xenon lamp source. The UV-Vis absorption spectra of the samples were obtained by using a UV-Vis spectrophotometer (Cary 100, Varian Inc., Australia) attached to an internal diffuse reflectance accessory.
The electrolyte solution consisted of 1-butyl-3-methylimidazolium iodide, iodine, 4-tert-butylpyridine, and guanidinium thiocyanate in acetonitrile/valeronitrile at 85:15 volume ratio. The electrolyte was injected into the sealed cells via predrilled holes on the counter electrode, and the injection holes were hot sealed by a piece of thin cover glass with a hot-melt film underneath as the adhesive. The I-V characteristics of DSSCs were measured under 1 sun conditions (100 mW/cm 2 ) using a solar simulator (Oriel Instruments, U.S.A.) equipped with a 300 W Xenon lamp and a Keithley (Model 2400) source meter, after calibrating with a silicon reference cell. The cell was covered with an aperture mask, while measuring photocurrent and voltage to avoid overestimation of the I-V characteristics. A wide-ranging band with a maximum at around 360 nm is observed. The excitation spectrum was obtained by monitoring the emission of the Eu 2+ 4 f → 5d transitions, and the peak at about 520 nm resulting in a green emission [11] . Fig. 2b shows the emission spectrum of the SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor monitored for 360 nm excitation. A broad emission peak is observed at around 515 nm, revealing the characteristic emission of Eu 2+ activators (4f 6 5d 1 → 4f 7 ). The slight blue shift in the emission band from 520 nm to 515 nm, similar to that of the phosphors obtained from solid-state reaction, may be attributed to the changes in the crystal field around Eu 2+ arising from the nanosized particles. Zhang et al. [12] reported that the particles with nanometer size make the surface energy increase, which causes variation of the crystal field around the local environment of Eu 2+ . Since the excited 4f 6 5d 1 configuration of Eu 2+ ion is greatly sensitive to the lattice environment and 5d electrons can be strongly coupled with the lattice, the mixed states of 4f and 5d are split by the crystal field, which may lead to the shift of the emission peak toward shorter wavelength. Fig. 2c shows the absorption spectra of the pure-TiO 2 photoelectrode and the TiO 2 photoelectrode doped with 5 wt.% of SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor. A comparison of the spectra indicates that phosphor-doped TiO 2 can improve light absorption. The absorption spectra display that the pure-TiO 2 coating has a lower absorption ability than SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor-doped TiO 2 coating, specifically for the wavelength range between 350 to 800 nm. These spectra cover a UV-Vis-IR region. Therefore, the doping of SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor was found to decrease the light loss and increase photon energy. The energy band gap (E g ) of the samples was calculated from the plots of Kubelka-Munk function vs. the energy of exciting light [13] . From  Fig. 2d , the E g of pure-TiO 2 and phosphor-doped TiO 2 was obtained to be 3.2 eV and 3.02 eV, respectively. Thus, the phosphor doping of TiO 2 induced a shift of the absorption edge slightly towards the visible spectral range. In order to evaluate the effect of SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor in TiO 2 electrode on the efficiency of DSSC, the working electrode was prepared by ESD using a precursor solution containing 5 wt.% of SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor in TiO 2 powder. Fig. 3a displays a cross- , V) , the fill factor (FF) taken from the I-V characteristics:
Results and discussion
where I is the intensity of the incident light. The FF is defined by equation 2:
where J max and V max are the photocurrent density and the photovoltage, respectively, in the I-V curve at the point of maximum power output. Fig. 3b and When the phosphor powder was inserted, the number of photons increased, hence, the possibility of photon and dye molecule interactions increased, whereas the DSSC with the pure-TiO 2 layer had lower J sc and V oc because of lower number of excitations [6] . The improvement of the photovoltaic performances shows that the SrAl 2 O 4 :Eu 2+ , Dy 3+ phosphor transforms UV to Vis and near-IR light which the N-719 dye can absorb effectively, increasing the harvested sunlight and improving the efficiency of the DSSC. 
